Abstract-The present study was designed to examine the properties of cyclic AMP dependent protein kinase from normal and hypothyroid rat tissues. The activity of the liver enzyme decreased in hypothyroid rats and this reduced activity may be due to the decrease in synthesis of enzyme protein. The enzyme activity from the kidney of hypothyroid rats increased by 35% in the absence of cyclic AMP. Further, the enzyme from the kidney of hypothyroid animals responded to phenylephrine and isoproterenol.
Abstract-The present study was designed to examine the properties of cyclic AMP dependent protein kinase from normal and hypothyroid rat tissues. The activity of the liver enzyme decreased in hypothyroid rats and this reduced activity may be due to the decrease in synthesis of enzyme protein. The enzyme activity from the kidney of hypothyroid rats increased by 35% in the absence of cyclic AMP. Further, the enzyme from the kidney of hypothyroid animals responded to phenylephrine and isoproterenol.
In the heart, the basal enzyme activity was the same in both groups, but the enzyme from the heart of hypothyroid animals did not respond to isoproterenol. When hypothyroid rats were treated with 3,3',5-triiodothyronine, the enzyme activities from those rat tissues showed essentially the same level as those of the corresponding normal ones. These results suggest that thyroid hormone regulates adrenergic agonists mediated responses both at the sites of adrenoceptors and that of protein phosphory lation. Furthermore, the dependence on thyroid hormone varies according to the tissue.
Thyroid hormone plays an important role in the regulation of adrenergic agonists mediated responses in tissues from several species (1) . There may be at least two sites of action of thyroid hormone in regard to this mechanism: one is the adrenoceptors including adenylate cyclase and the other the intracellular processes after the formation of the agonists receptor complex.
In our laboratory, we found that the increased response of a-adrenoceptors of hearts from hypothyroid rats to phenylephrine and decreased response of jj-adrenoceptors of hearts and livers from hypothyroid rats to isoproterenol could not be explained by changes in intracellular contents of cyclic AMP. It has also been suggested that the decreased sensitivity of i3-adrenoceptor in the liver and heart might account for the change in enzyme activities involved in cyclic AMP metabolism (2-5).
The present study was carried out to compare the cyclic AMP-dependent protein kinase activity of normal and hypothyroid rats and to examine the effects of adrenergic agonists on this enzyme. The possible physiological relationship between thyroid hormone and adrenergic agonists is discussed.
thyroid rats by feeding a 0.15%, propylthiouracil (PTU) diet for about 12 weeks. In these rats, 3,3',5-triiodothyronine (T3) concentration in the serum decreased to 10% and thyroxine to 40° of the normal values, respectively. Hypothyroid status was restored by subcutaneous administration of T, 50 ,(g/100 g body weight daily for 3 days. T3-treated rats were used for the experiments 48 hr after the last injection.
L-Phenylephrine hydrochloride, L-isoproterenol hydrochloride, histone (type IIA) and T3 were purchased from Sigma and cyclic AMP from C. F. 13oehringer-Mannheim.
Other chemicals were obtained from commercial sources.
Adrenergic agonists were infused into the femoral vein at a rate of 0.11 ml/min for 10 min after the rats had been anesthetized with urethane (I g/kg, s.c.). Drug concen trations in the infusate were 10 ,eg/ml for phenylephrine and 0.5 ,' g/ml for isoproterenol.
At the end of infusion, the rats were decapitated, tissues rapidly excised and chilled in ice-cold buffer. These tissues were homogenized with 10 volumes of 5 mM Tris-HCI containing 1 mM EDTA, pH 7.5 solution.
Homogenates were centrifuged at 20,000 g for 60 min
at 4°C and the supernatants were used as the enzyme sources. analyses for significance of differences were carried out using Student's /-test.
from lactate and a reduced response to ;3-adrenergic agonist (4) . Therefore, the activity of cyclic AMP-dependent protein kinase from the liver was determined and effects of adrenergic drugs on protein kinase activity were also examined.
As shown in Fig. 1 , the non-treated basal activity of protein kinase from the normal liver was 32.2: 1.8 pistol 8'P incorp./mg protein/min in the absence of cyclic AMP and 133.5-1-.11.9 proof s"P incorp./mg protein/min, in the presence of cyclic AMP. The activity in livers from hypothyroid rats was 29.5-12.2 proof 32P incorp./mg protein/min and 108.6 !-12.2 proof 12P incorp./ mg protein/mill. These values showed that the enzyme activity from hypothyroid rats decreased to about 80°o of the normal values in the presence of cyclic AMP. The decreased enzyme activity in the presence of cyclic AMP was also observed after treatment with phenylephrine or isoproterenol. When hypothyroid rats were treated with T;3i the enzyme activity in the liver was restored to normal levels.
I=i c.. 1. Protein kinase activity in the liver from normal, hypothyroid, and T;; treated hypothyroid rats and the effects of adrenergic drugs on the activity. Each value represents the mean of six experiments S. E. The enzyme activities are expressed as pmol 1"P incorp.; mg protein/min. e, Activity in the absence of cyclic AMP.
Activity in the presence of cyclic AMP. "Values differ significantly (P-< '0.05) from the normal. N--normal, H-=hypothyroid, HT --T3 treated-hypothyroid, PHE phenylephrine, ISP--isoproterenol.
Fa;. 2. Protein kinase activity of the kidney from normal, hypothyroid, and T,; treated h'pothyroid rats and the effects of adrenergic drugs on its activity. Each value represents the mean of six experiments S.E. The enzyme activities are expressed as pmol s"P incorp./ mg protein/min. L, ®, Activity in the absence of cyclic AMP.
-_ , Z\;v Activity in the presence of cyclic AMP. Values differ significantly (PC0.0l) from the normal. Abbreviations as in Fig. 1 .
Protein kinase f'oni the kidney and cffeets of aclrcnergic drugs on the enzyme activity: Figure 2 shows that the non-treated basal enzyme activity, in the kidney from hypothyroid rats, in the absence of cyclic AMP was 35",", greater than that from normal kidney (26 These results suggest that the enzyme from the kidney of hypothyroid animals is more sensitive to adrenergic agonists.
Fio. 3. Protein kinase activity from the heart (A) and diaphragm (B) from normal , hypothyroid, and T3 treated-hypothyroid rats and the effects of adrenergic drugs on the activity. Each value represents the mean of six experiments-11_S.E. The enzyme activities are expressed as pmol 32P incorp./mg protein/min.
7 Activity in the absence of cyclic AMP. Activity in the presence of cyclic AMP. *Values differ significantly (P' 0.05) from the non-treated basal activity. Abbreviations as in Fig. 1 .
Protein kinase f 'om the heart and Cilaphrag 171 and et f eets of adrener is drugs on the enzyme activity:
As shown in Fig. 3 , the non-treated basal activities from the heart (A) and dia phragm (B) did not show any difference among normal, hypothyroid and T3 treated-hypo thyroid rats. After isoproterenol treatment, the enzyme activity from normal heart in creased, in the absence of cyclic AMP, by 50"0 as compared to the non-treated basal activity.
However, in the hearts from hypothyroid animals, there was no increase in the activity after isoproterenol treatment.
It was confirmed from these data that the sensitivity of ;j adrenoceptors decreased in hearts from the hypothyroid animals.
The effect of phenyl ephrine on the enzyme activity in the heart was not observed in this experiment.
The enzyme from the diaphragm did not respond to either phenylephrine or 
Sucrose density gradient centrifugation:
It has been reported that cyclic AMP-dependent protein kinase has multiple components (10, 11) . Therefore, in order to determine whether or not this multiplicity of protein kinase changes in its property in hypothyroidism, separation by sucrose density gradient centrifugation was undertaken. As shown in Fig. 4 , protein kinase in the liver exhibited one component (a sedimentation coefficient of 6.8S in normal and 6.5S in hypothyroid rats).
There was still only one component for the normal liver enzyme after cyclic AMP treatment for 30 min at 0°C, while the enzyme from hypo thyroid rats had two components with S values of 7.3 and 6.2 . Enzyme from the heart was separated into two components; the normal 7.7S and 6.OS, and the hypothyroid 7 .9S and 6.2S. After cyclic AMP treatment, S values changed to 7.9 and 3.5 in the normal , and 7.6 and 3.7 for the hypothyroid rats (Fig. 5) . The pattern of diaphragm enzyme was graphically almost the same as that seen in the case of the heart enzyme.
In the kidney, the enzyme had a sedimentation coefficient of 5.2S for the normal and 5.8S for the hypo thyroid rats. Those values shifted to 4.9S for the normal and 4.4S for the hypothyroid rats, after cyclic AMP treatment. Cyclic AMP-dependent protein kinase dissociates into catalytic and regulatory subunits in the presence of cyclic AMP. However, the liver enzyme did not show the peak of catalytic subunit, even after preincubation with cyclic AMP. Such may be due to degradation of cyclic AMP during preincubation with the liver enzyme preparation which contained cyclic AMP phosphodiesterase. However, the enzyme from the heart dissociated catalytic subunit from the holoenzyme. Therefore, it remains to be determined why cyclic AMP phosphodiesterase in the liver alone can interact with cyclic AMP, even under the same experimental condition.
DISCUSSION
The present study demonstrates that there is a difference in the activity of cyclic AMP dependent protein kinase between tissues from normal and hypothyroid rats. The activity in the liver from the hypothyroid rats was about 80 that of the normal enzyme, in the presence of cyclic AMP (Fig. 1) . On the other hand, the non-treated basal activity from the kidney of hypothyroid animals increased in the absence of cyclic AMP (Fig. 2) . 7'3 treatment of hypothyroid rats resulted in a reversion of the enzyme activity to normal levels.
In previous studies, we demonstrated that the activities of phosphoenolpyruvate carboxykinase and pyruvate carboxylase in the liver from hypothyroid rats decreased to about 60 % of the normal liver (4). In addition, these reduced enzyme activities were restored to normal levels by a single injection of T3 (12, 13) . Viewed together these data suggest the possibility that the synthesis of protein kinase decreases in the liver in hypothyroid animals. Moreover, multiple forms of cyclic AMP-dependent protein kinase from various tissues have been reported by different groups (6, 10, 11, 14, 15) . We compared the pattern of sucrose density gradient centrifugation of the enzyme from tissues of hypothyroid rats with those of the normal (Figs. 4 and 5) . The pattern of the liver enzyme was essentially the same in the absence of cyclic AMP between normal and hypothyroid animals. When the enzyme was incubated with cyclic AMP at 0 C for 30 min prior to centrifugation , the two peaks which appeared in the hypothyroid rat liver exhibited 7.3S and 6.2S of sedimentation coefficients. However, those patterns did not show the peak of catalytic subunit at the 4S region, this result being quite different from that seen in the purified enzyme as reported by Chen and Walsh (11) . These unexpected results suggested the possibility that cyclic AMP was degraded during preincubation with the crude enzyme samples and that the catalytic subunit could not dissociate from the regulatory subunit. This speculation was supported by the fact that the amount of [3HJcyclic AMP bound to the fractions was practically the same as in the control, although exogenous cyclic AMP used in the preincubation was not removed from the samples. The other possibility is that the catalytic subunit is labile
Under the conditions employed and loses its activity during centrifugation.
In cardiac tissue, the non-treated basal enzyme activity from hypothyroid rats was the same as that in tissues from normal rats, but after administration of isoproterenol, the normal enzyme activity elevated by about 50% as compared to the non-treated basal activity in the absence of cyclic AMP, whereas the change in activity could not be demonstrated in hypothyroid rats (Fig. 3) . This thyroid-dependent change in response to i3-adrenergic agonist may be due to changes in the properties of ,3-adrenoceptors of the heart, as this hormone controls a number of (3-adrenoceptors in rat heart (16, 17) and the non-treated basal activity and pattern of sucrose density gradient centrifugation of protein kinase from hypothyroid rats were the same as those from the normal rats.
The most interesting finding in the present study was the increased enzyme activity in the kidney of hypothyroid rats. Increased enzyme activity in hypothyroidism was also reported by Broekhuysen and Ghislain in cases of cardiac adenylate cyclase (18) and Van
Inwegen et al. in cyclic AMP phosphodiesterase from adipocytes (19) . However , these results appear to be unusual when compared with findings in other laboratories (20, 21) .
In general, the primary mode of action of thyroid hormone is on protein synthesis, as reported by Tata (22) . To elucidate the mechanism of this elevated activity of protein kinase in the kidney of hypothyroid rats, we utilized DEAE-cellulose column chromatography. The kidney enzyme was separated into two peaks (PKI and PKII), as reported in the case of other tissues (14) . It was also reported that the amounts of the isozymes were altered in pathological conditions of the experimental animals (23, 24) . Therefore, the isozyme distribution in the kidney of hypothyroid rats was compared with that of the normal. The ratio of PKI to PKII was found to have increased 2-fold in hypothyroid kidney. Furthermore , the apparent Km values for histone were smaller in the hypothyroid animals than in the normal (submitted elsewhere). These results present supporting evidence for an increased activity of protein kinase in the kidney from hypothyroid rats. The enzyme activity increased both in the absence and presence of cyclic AMP after administration of adrenergic agonists.
However, the activity ratio of the enzyme only slightly increased by this procedure. The activity ratio usually increases in proportion to the activation of cyclic AMP-dependent protein kinase (25) . 'Therefore, this result was possibly due to other regulatory mechanisms of this enzyme system. It was reported that the activity of protein kinase was affected by intracellular protein modulators (26) (27) (28) . For example, the activity of the protein kinase inhibitor in the Sertoli cell-enriched testis was stimulated by follicle-stimulating hormone treatment and this treatment resulted in the loss of protein kinase activity (23, 29) . As reported by Tata (22) , the protein synthesis was generally suppressed in cases of hypo thyroidism and here the amount of protein kinase inhibitor may decrease in the kidney.
The low concentration of protein kinase inhibitor may lead to elevation of the protein kinase activity in hypothyrodism. Further, this phenomenon was amplified in the presence of cyclic AMP after administration of adrenergic agonists. Preliminary experiments in our laboratory showed that the inhibitory activity of the boiled extract from the kidney was higher in the normal than that in the hypothyroid rats. Studies on the role of protein kinase inhibitor of the kidney are currently being conducted.
The present study was carried out to clarify the mechanisms of the changes in the properties of a and ,3-adrenoceptors in hypothyroidism. The decreased function of ;3 adrenoceptors in the liver and heart can be explained by changes in i3-adrenoceptors and in properties of protein kinase. However, the mechanisms mediated by a-adrenoceptors, such as gluconeogenesis in hypothyroid rat liver (4) and increased sensitivity of hypothyroid rat heart to a-agonists (2, 3) remain obscure. Recently, Exton et al. proposed that the a-adrenergic response may be mediated by a rise in the level of calcium ions in the cytoplasm (30) (31) (32) . Further, Ledda et al. showed that the positive inotropic effect via a-adrenoceptors on Purkinje fibres of sheep heart was also regulated by the intracellular concentration of calcium ions (33, 34) . The possibility that calcium ions do relate to the function of a adrenoceptors is now under study using hypothyroid rat hearts.
